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Among a wide spectrum of novel phenomena induced at heterointerfaces, ferromagnetism (FM) generated from two non-FM materials is of interest both from a fundamental perspective but also from potential applications associated with spintronics ar- In (LaMnO 3 ) 2n /(SrMnO 3 ) n superlattices, a FM metal is generated in short superlattice period samples (n < 3) 2 via a double exchange interaction.
Unlike these examples, CaRuO 3 (CRO)/CaMnO 3 (CMO) superlattices are composed of a paramagnetic metal (CRO) [3] [4] [5] [6] and AFM insulator (CMO) 7, 8 . Interface FM in the superlattices grown on (001) LaAlO 3 (LAO) substrates was first illustrated by Takahashi et al. 9 .
More recent x-ray resonant magnetic scattering (XRMS) studies suggested that FM extends to 3-4 CMO unit cells (u.c.) at interfaces. 10 However density-functional theory (DFT) calculations indicate that if the interfacial magnetism is attributed to double exchange (DE) at interfaces due to charge transfer from CRO to CMO, the FM should be attributed to one unit cell at the interface. 11 In order to determine whether DE is the mechanism, we must eliminate other possible sources of FM. In both of these studies, superlattices of fixed CMO layer and varied CRO layer were coherently strained to the underlying LAO substrates. Such coherent epitaxial strain can introduce lattice distortions that in turn affect the magnetic ground state of the system. In addition, the effects of alloying at interfaces must be taken into consideration as FM is observed in bulk CaMn 1−x Ru x O 3 for x as small as 0. Reciprocal space maps (RSM) indicated that the CMO layers were structurally relaxed and assumed lattice parameters close to bulk values. 13 The relaxed growth eliminates possible strain-induced magnetism. The atomic abruptness of the interfaces in the superlattices was probed via X-ray reflectivity (XRR) and transmission electron microscopy (TEM). Fig. 1(a) shows a representative XRR scan for a (CRO) 3 /(CMO) 12 superlattice. The low and high frequency oscillations correspond to the superlattice period and the total thickness, respectively. In the sample shown in Fig. 1 (a) , the total sample thickness of 55.9 nm deduced from the XRR is in agreement with the expected value 56.3 nm assuming relaxed growth.
In an atomic resolution Z-contrast image ( Fig from the expected value of 4+ in the center of the CMO sublayer may be due to the systematic error bar ∼±0.15 of this method. 14 In any case, the magnitude of the valence state difference between the center of the CMO layer and the interface region is consistent with the calculated electron leakage with DFT calculations 11 .
To directly probe the interfacial magnetic profile with polarization analysis, we performed PNR experiments on N=10 and N=11 superlattices. as shown in Fig. 2 (b-c) . This solution is not unique, as models featuring 2 magnetized u.c.
of interfacial CMO, or uniformly magnetized CRO yield qualitatively similar fits to the data.
However, we can strictly rule out other competing models, including those featuring magnetic moment that arises from a uniformly magnetized superlattice and uniformly magnetized CMO layers. These models cannot reproduce the spin dependence of the Bragg peak and the spin splitting at low Q z . Therefore, the PNR data are consistent with magnetic moment arising from 1 u.c. of CMO at the CMO/CRO interfaces, and conclusively confirm a periodic distribution of moment.
Similar PNR measurements performed for the N=11 sample are also consistent with a magnetization distribution that is localized at the CMO interfaces. We note that for both the N = 10 and N = 11 samples, the PNR measurements cannot distinguish between symmetric magnetization profiles (Fig. 2) , and profiles in which the magnetization of one CMO interface layer is nonmagnetic or weakly magnetized and the other CMO interface layer is more strongly magnetized. However PNR does not indicate a magnetic profile of one FM unit cell for N odd and two FM unit cells for N even at one interface and no FM at the other. is independent of cooling field. For the N = 3 superlattice (Fig. 3(a) ), the two loops are basically the same with both centered around zero field. For the N = 4 superlattice ( Fig.   3(b) ), the hysteresis loops cooled in ±5T are no longer centered around zero field and are clearly shifted by ∓0.018 T respectively. These shifts in the hysteresis loops are indicative of EB phenomena. superlattices with N = 8 ( Fig. 3(c) ) and N = 10 ( Fig. 3(d) suggests that EB observed in CRO/CMO depends on the existence of AFM ordering in the CMO layers. H C approaches zero around 110 K which is T C determined from M(T).
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We also studied the evolution of H EB as well as H C as a function of CMO layer thickness, as shown in Fig. 4 (a) . H C remains constant at about 0.35 T for all N shown, thus suggesting that the FM layer does not change much from superlattice to superlattice and is consistent with interfacial FM. H EB , however, increases monotonically with increasing N. Such a trend is consistent with the materials dependent behavior of conventional FM/AFM bilayers in the limit of low AFM thickness. 17, 18 The higher H EB is attributed to increased pinning force exerted by thicker AFM films, which, in our case, is the CMO layer minus the interfacial FM layers within a superlattice period. The failure to observe saturation of H EB at large N is possibly due to the relatively small thickness of the CMO layer even for the largest N in our study. It is worthwhile to reiterate that the onset of H EB occurs at N = 4, so that we may describe the CMO layers in superlattices with N≥4 to be composed of the core AFM layers sandwiched by one u.c. of interfacial FM layer on each side. The N = 3 case is a special one where there is only one u.c. of non-interfacial CMO layer. We believe this one layer to be insufficient to produce AFM ordering, thus resulting in the absence of EB.
We also investigated M S as a function of CMO layer thickness N. For superlattices with N= 4, 6, 8, 10, 12 , the values were all about 1.0µ B /interfacial Mn ion. In excellent agreement with the PNR spectra, for odd values of N = 5,7,9,11, M S is consistently smaller and about 0.5 µ B / interfacial Mn ion. The differences in M S values are clearly illustrated in Fig. 4 (b). For the N = 3 superlattice, the one u.c. of non-interfacial CMO layer may add to the interfacial FM signal, thus making it qualitatively similar to even N superlattices. With the exception of the N= 3 superlattice, the M S values fall into two categories: ∼1.0µ B /Mn for even CMO layers and ∼0.5µ B /Mn for odd CMO layers. One would expect that for the odd N superlattices, neighboring FM layers should have a parallel magnetic configuration via nearest neighbor interactions through adjacent AFM layers, thus leading to the constructive addition of FM signal; for the even N superlattices, we would expect neighboring FM layers to have an anti-parallel magnetic configuration, thus resulting in zero M S . However, our 8 observations seem to indicate that there exists some type of modulating coupling mechanism between nearest neighboring FM layers mediated via insulating AFM CMO layers that is a maximum for even N CMO layers and is a minimum for odd N CMO layers. We have found that M S is independent of CRO layer thickness (data not shown here). Therefore it is difficult to believe that the coupling originates from the metallic CRO layers. However spin polarization is likely induced to a certain degree in the itinerant electrons in the CMO.
Another factor that needs to be taken into account is the asymmetry of the interfaces, possibly resulting in dissimilar neighboring FM layers. In fact, TEM shows that interfaces with an underlying CRO are smoother than those with an underlying CMO layer. However such structural differences alone cannot explain the magnetization of N odd versus N even superlattices. Furthermore, we cannot rule out the possibility of differing amounts of electron leakage from CRO to CMO between N = odd and N = even samples. In any case, more theoretical work needs to be carried out to probe the mechanism responsible for oscillatory magnetization as a function of CMO layer thickness. 
